An alternative approach to the a-meson-exchange in nucleon-nucleon interaction 
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Through a quantitative comparative study of the properties of deuteron and nucleon-nucleon 
interaction with chiral quark model and quark derealization color screening model. We show that 
the (T-meson exchange used in the chiral quark model can be replaced by quark derealization and 
color screening mechanism. 
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I. INTRODUCTION 



There has been a long history of studying nucleon- 
nucleon (NN) interaction since the Yukawa theory. In 
the effective meson-nucleon coupling model, after includ- 
ing pseudo-scalar-, vector- and scalar- meson, especially 
the (T-meson, the NN interaction has been described very 
wellQ- In the traditional picture of NN interaction, the 
short-range repulsion is provided by vector-meson (p, uj) 
exchange, the intermediate-range attraction is accounted 
for by CT-meson exchange, and the long-range tail is at- 
tributed to 7r exchange. The pseudo-scalar and vector 
mesons are well established, whereas the scalar-meson 
a is still in controversy which had been listed, dropped 
and relisted in the particle data compilation [2|. With 
the advancement of Quantum Chromodynamics (QCD), 
to understand the NN interaction from the fundamen- 
tal quark-gluon degree of freedom is expected. However 
there are only very preliminary lattice QCD calculations 
of the NN interaction due to the complexity of low en- 
ergy QCD0I. Various new approaches have been devel- 
oped since the end of 1970's. The chiral perturbation the- 
ory described the NN interaction very well where only 
7r (Itt, 2tt, 37t, ...) exchange is employed The most 
common used quark model in the study of NN interac- 
tion is the chiral quark modelfa, H, 0|- Both in meson- 
nucleon coupling and quark-meson coupling model (chi- 
ral quark model is a typical one) the a meson is indis- 
pensable and which is assumed for a long time to be 
an effective description of the correlated 7T7t resonance. 
Recently a very broad er-meson as a resonance of 7T7t 
was reported^. However the results, found by three 
groups independently, show that the correlated two-pion 
exchange between two nucleons results in strong short- 
range repulsion and very moderate long-range attraction 
which is quite different from the intermediate range at- 
traction resulted from the a meson exchange Q. This 
raises a question: Is the er-meson used in the one boson 
exchange model and chiral quark model the correlated 
7T7r resonance or other effective one? Is there an alterna- 
tive approach to account for the NN intermediate range 
attraction? In addition, a long standing fact of the sim- 
ilarity of molecular and nuclear force is well-known, but 
no theoretical explanation so far. Is it accidental or is 



there a similar mechanism for molecular and nuclear force 
behind? 

in 1990's, A modified version of quark cluster model: 
quark derealization color screening model [l(J, is pro- 
posed. Two new ingredients were introduced: quark de- 
localization (to enlarge the model variational space to 
take into account the mutual distortion or the inter- 
nal excitations of nucleons in the course of interaction) 
and color screening (assuming the quark-quark interac- 
tion dependent on quark states aimed to take into ac- 
count the QCD effect which has not been included in the 
two body confinement and effective one gluon exchange 
yet). The model has been successfully applied to describe 
NN, hyperon-nucleon scattering [l^. In this model, the 
intermediate-range attraction is achieved by the quark 
derealization, which is like the electron derealization in 
molecules. The color screening is needed to make the 
quark derealization effective. The model gave a natural 
explanation of the similarity between molecular force and 
nuclear force. Since 2000, the model is extended to in- 
corporate the Goldstone-boson-exchange to describe the 
long-range tail of the NN interaction ll| which is hard to 
be described with quark-gluon degree of freedom. Then 
the only difference between the chiral quark model|5j and 
QDCSM is the intermediate-range attraction mechanism. 
It is interesting to compare the two approaches to see 
whether the effect of cr-meson can be replaced by the 
new mechanism introduced in QDCSM. 

After the Introduction, Section II gives a brief descrip- 
tion of the two approaches to NN interaction. The com- 
parison between the two approaches is presented in Sec- 
tion III. A short summary is given in the last section. 



II. TWO APPROACHES 

A. Chiral quark model 

The Salamanca model was chosen as the representative 
of the chiral quark models, because Salamanca group's 
work covers the hadron spectra and nucleon-nucleon in- 
teraction, and has been extended to multi-quark states 
study. The model details can be found in ref. 12]. Here 
only the Hamiltonian and parameters are given. 
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The Hamiltonian of Salamanca model in NN sector can be written as [1J 
I 
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is quark tensor operator. Y(ir) and H(x) are stan- 
dard Yukawa functions. T c is the kinetic energy of the 
center of mass. a c h is the chiral coupling constant, which 
is determined from 7r-nucleon coupling constant as usual. 
All other symbols have their usual meanings. The param- 
eters of Hamiltonian are given in Table I. 



B. Quark derealization, color screening model 



The QDCSM model and its extension were discussed 
in detail in ref . [l(| El ■ The Hamiltonian and trial wave- 
function of the extended QDCSM are given below. 
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yOGE an( j yTT are exac ^ same as Salamanca's, fi is 
the color screening constant to be determined by fitting 
the deuteron mass in this model. The parameters of the 
model are given in Table I too. 

The quark derealization in QDCSM is realized by 
writing the single particle orbital wave function as a lin- 
ear combination of left and right gaussians, the single 
particle orbital wave functions in the ordinary quark clus- 
ter model. 
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Table I. The parameters of two models. 





Salamanca Model 


QDCSM 






set 1 set 2 set 3 


m u4 {MeV) 


313 


313 


OL c h 


0.027 


0.027 


m n (MeV) 


138 


138 


A(/m- 1 ) 


4.2 


4.2 


a s 


0.485 


0.485 0.724 0.996 


b(fm) 


0.518 


0.518 0.56 0.60 


m a (MeV) 


675 








0.45 0.57 1.00 
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III. COMPARISON BETWEEN THE CHIRAL 
QUARK MODEL AND QDCSM 



To compare these two models, the NN scattering 
and the properties of dcutcron arc calculated. In order 
to make the intermediate-range attraction mechanism 
stand out, one exact the same set (set 1) of parameters: 
b, a s , a c h, m Ul m^, A were used for both models. Thus, 
the two models have exactly the same contributions from 
one-gluon-exchange and ir exchange. The only difference 
of these two models is how to get the intermediate-range 
attraction, a exchange for chiral quark model, quark de- 
localization color screening for QDCSM. To test the sen- 
sitivity of the QDCSM to the parameters, other two sets 
of parameters are used and the gluon contribution in 
these two cases is a little different from the Salamanca 
ones. 
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Fig. 1. The phase shifts for channels 3 Si. 



The resonating-group method (RGM) is used in the 
calculations. The detail of the method can be found in 
ref.[l3|. For QDCSM, we first fixed baryon size param- 
eter b, then the quark-gluon coupling constant a s is ad- 
justed to fit the N-A mass difference, the color screening 
parameter fi is then fixed by deuteron properties. The 
calculated results for deuteron properties and NN scat- 
tering phase shifts are shown in table II and figs. 1-4. 
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Table II. The properties of deuteron 





Salamanca Model 


QDCSM 






set 1 set 2 set 3 


B (MeV) 


2.0 


1.94 2.01 2.01 


d Vr(/m) 


1.96 


1.93 1.92 1.94 


Pd{%) 


4.86 


5.25 5.25 5.25 



deuteron: Two models both give a good description of 
deuteron. For QDCSM, by adjusting the color screen- 
ing parameter, almost the same results for deuteron can 
be obtained for the three parameter sets of baryon size 
b. Because of the large separation between the proton 
and neutron in the deuteron, the properties of deuteron 
mainly reflect the long-range part of the nuclear force. 
The same 7r-exchange used in the two models assure the 
properties of deuteron be fitted equally well. Of course, 
the enough intermediate-range attraction is needed to 
make the deuteron bound. 



Fig. 2. The phase shifts for channel 3 Di and mixing 
angles ej.. 
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Fig. 3. The phase shifts for channels 1 Sq. 
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Fig. 4. The phase shifts for channels 1 D 2 . 
NN scattering phase shifts: 

5- wave: For 3 Si, Salamanca model gave an almost per- 
fect description of the experimental data, QDCSM also 
had a good agreement. For 1 Sq, QDCSM described the 
experiment data a little better than Salamanca's single 
channel approximation did but after including NA 
channel coupling Salamanca model also fitted the exper- 
imental data well. For QDCSM, the larger the baryon 
size b, the better the agreement. The dominant contri- 
bution to the iS-wave phase shift comes from the central 
part of the potentials, the agreement between two models 



means they have the same behavior, at least for central 
part of the interaction. 

D-wave: For 3 £>i, Two models fitted the experimental 
data equally, for x Di, the Salamanca model gave much 
better fit to the experimental data than QDCSM did, es- 
pecially at higher energy. For QDCSM, different h almost 
gave same results. 

Mixing angle ei : Two models gave a qualitative descrip- 
tion of the experimental data. The chiral quark model 
result is a little closer to the experimental ones, but has 
the same tendency as QDCSM. 



IV. SUMMARY 

By calculating the deuteron properties and iViV scat- 
tering phase shifts, we compared the QDCSM with the 
Salamanca version of the chiral quark model, both mod- 
els give a good description of the deuteron and NN scat- 
tering, although different intermediate-range attraction 
mechanisms were used. The almost same agreement with 
experimental data suggest that the er-meson exchange 
can be replaced by quark derealization and color screen- 
ing mechanism. If one takes the QDCSM mechanism to 
describe the NN intermediate and short range interac- 
tion, the similarity between molecular and nuclear force 
obtained a natural explanation. 
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